
ADA119 786 AEROSPACE CORP EL SEGUNDO CA SPACE SCIENCES LAB F/B 20/5
PULSED OF CHAIN-LASER BREAKDOWN INDUCED BY MARITIME AEROSOLS. (U)
AUG 82 S T AMIMOTO, J S WHITTIER F04701-81-C-0082

UNCLASSIFIED TB 0082 2720)1S-RA-IN777E SD-R-82-hIMN





~qA'

Tis mast ot No. b m 60tb. WitteO tis $14

1e*60s16wo -P ., "so -2WO. W11aq postal Ctirtr LosARes, ,

~s eviwedend 0*64e for The AertceCorporotion by V. P.w

ftreotoi,- Aeropysice Laborotory. Lt Mfen V. Vornoles, SD/YL~t, u t :

projet officer for TechaalogM

This report hbs been revisd by the Public Affairs Of f Lee (PAS)-~
releasable to'the National Technical Infornatiopu Service (MTB). At Uk
will be avalable to the general public, Including foreign nationso K

This technical report has been rviewed and is approved for
Publication of this report does not constitute Air Force approval of tb
report's fiudings or conclusions. It Is published only for the ezchaahis*
stIinlation of Ideas.

s6v. Fornoles, 2nd Lt, USAF ffH. Butler, Colonelj,
Pivject Officer Di tor of Space Sam

Deput forTecbwi1.t'4A

.~ ~ ~ :. . .. ..



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS5 PAGE (Usen Date ESced _________________

REPORT DOCUMENTATION PAGE _________________

1. REPORT Humr"E .GV ACSON NO S. RECIPIEN9TVS CATALOG NUMBERt

SlTR-R2-61
4. TITLE (mid "MO~) 5 YEO EOT&PRO OEE

PULSED DF CHAIN-LASER BREAKDOWN INDUCED

BY ARIIM AEOSOS6. PERFORMIN ORGW REPORT NUMBER

________________________________________ TR-0082(2720)-l
7. AUTHOR~s) S. CONTRACT OR GRANT NUM99~a

S. T. Amimoto, J. S. Whittier, F. G. Ronkowski,
P. R. Valenzuela, G. N. Harper, R. Hof land, Jr., F04701-81-C-0082
G. L. Trusty, T. H. Cosden, and D. H. Leslie

S. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PRGA LM~POET. TASK
ARE A ORPtK UNIlT NUNEgRS

The Aerospace Corporation
El Segundo, Calif. 90245

It. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Naval Research Laboratory
Washington, D.C. 20375 is. NRE AGE

27
14. MONITORING AGENCY NAME & ADDRESS(1U dfforeut born Cdct,.ffs O01169) IS. SECURITY CLASS. (of dds ftp"

Space Division Unclassified
Air Force Systems Command i. EkASFCTOIONRDN

Los Angeles, Calif. 90009 SC54 DLe

S6. DISTRIBUTION STATEMENT (of this Repout)

Approved for public release; distribution unlimited

t7. DISTRIBUTION STATEMENT (of t%* absftat ontmrdi StD*ock 80. IIEfrmat how RGPort)

1S. SUPPLEMENTARY NOTES-

IS. KIEY WORDS (CoAnihm oun reverse side It ncary and Idesntr by block member)

Propagation
Pulsed DF chain laser

Water aerosols
Alumina aerosols
2.ASTRACT (Conlmrn on se ide Uf nooe n md Idsaill by block namber)

Thresholds forfbres 'onInduced by liquid and solid aerosols In r air have

width. The DF lass beam was directed Into an aerosol chamiberta lated
maritime atmosphr on the open sea. Both focused and collimated beam were
studied. For a foc ad beam in which the largest encountered aerosol parti-
cle were of I to 4 g~ diameter, pu~ied DF breakdown thresholds were measured
to lie in the range4.6 to 1.8 GWI u. Salt-water aerosol breakdown three-

16ASM1.1'r UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (W. o 397=1100

ACNOPACC PONA 4241 -1 Rev 5-74 1



UNCLASSIFIED
SCCUFITY CLASSIFICATION OP THIS PAG RU( Do&a SpioweQ
I$. KEY WORDS (COmned)

Plasma growth rate
Breakdown threshold theory
Maritime aerosol distributions "
Long-path pulsed-laser transmission...

20. ABSTRACT (Conthued)

/holds for micron-size particles were found to be 15 to 30% higher tha the
corresponding thresholds/ for fresh-water particles. For a collimated beam
that encountered partlicle diameters as large as 1Opm, breakdown c d not be
induced using 0.5-*dec (FWHM) pulses at peak intensities of 59 1W/11 . Image
converter cam ra measurements of the radial plasma growth-r~te of T.3 cm/psec I
(at 1.4 GQ/I ) were consistent with measurements of the cuto-ff--rat.1 of the
transmitte laser beam. Pulsed DF breakdown thresholds of 32 MW/4f for 30-
diameter 1203 particles were also measured to permit comparison with the
earlier Oulsei-HF breakdown results of Lencioni, et al.; the solid-particle
threshold measurements agree with the Lencioni data itone assumes that the
threshlds for microsecond-duration pulses scales is& . An approximate
theotical model of the water particle breakdown prbcess is oresented that
peri ts the scaling of the present results to other laser pulse durations,
aerosol distributions, and transmission path lengths. The model is shown to
be in satisfactory agreement with the experimental da a.

N/

UNCLASSIFIED
,W5CVR ,, CLAUIICATIO, OF tM ,Afum a. hDOM

AiSROSPA¢I 01 4S41 -2 ml 11-74

I4I-



PREFACE

The authors gratefully acknowledge the contributions of Prof. M. Bass of
USC for his experimental assistance and encouragement during the course of the
research reported herein. Dr. S. K. Searles of the Naval Research Laboratory

was the technical monitor, and Dr. R. Rofland of The Aerospace Corporation was
the principal investigator.

Acsstno
II

wDI C -----

Dist qibt I on/

aAYUI1.bliltv Codes

AVOLL an-i
specia



CONTENTS

I * NTRDUCION .... *. ........ ........ ..... ......... *. .... 7

II. EXPERIMENTALTEHU ......... o ~.~........................ o ..... 9

III. RESULTS AND DISCUSSION............................ 17

IV. CONCLUDING REAK.. . ........... *.... ... .29

REFEENCS ................. 31



*F IGURES

1. Experimental Arrangement in Aerosol '.hamber
Labortory ... 10

2. Oscillogram of Incident Irradiance, Transmitted
Irradiance, and Plasma gnitionnet. ........... ... 11

3. Near-Field Burn of Pulsed DF Laser Output .........-................ 13

4a. Aerosol Size Distribution Measurement for Fog-
Like Maritime Environment....o..................................... 15

4b. Aerosol Size Distribution Measurement for Typical

5. Present Measurement of Alumina Breakdown Threshold
Comparedvwith Data of Lencioni et al.................... J9

6. Pulsed Chemical Laser Breakdown Threshold Versus
Aerosol Size: Theory and Experiment ............. ......... 21

7. Estimated Air Breakdown Thresholds for DF Laser
Pus ......... ** 23

8. Framing Photographs of Breakdown Growth ................. 24

9. ?lasma Growth Rate for Laser-Irradiated Aerosolso............... 26

TABLE

1.* Aerosol Breakdown Summary,.*...... . .. ........ .... 18



I. INTRODUCTION

Laser plasma ignition by aerosol particles limits the optical intensities

that can be propagated through the atmosphere. Above the breakdown threshold,

aerosol particles ignite intense plasmas that are opaque to visible and infra-

red irradiation. These plasmas grow rapidly and may fully block the laser

beam, depending upon the number density of breakdowns, the plasma radial

growth rate, and the laser pulse duration. Previous experimental and theore-

tical work on the aerosol-induced breakdown problem has been carried out pri-

marily at CO2 laser wavelengths (10.6 jn). 1.6 Here it has been shown that

(1) aerosol particles lower the breakdown threshold below the clean air value,

(2) threshold redtction is relatively insensitive to aerosol particle
material, except for the case of water aerosols that cause a significantly

smaller reduction in threshold than do solid-particle aerosols, and (3) for

large-diameter particles breakdown threshold decreases with both increasing

particle size and increasing laser pulse duration. At pulsed-HF chain-laser

wavelengths, thresholds for air breakdown initiated by various solid aerosols

have been measured using a long-pulse-duration (3.5 usec) laser beam.7

Measured thresholds were found to be higher by factors of 3 to 5 than the

corresponding 10.6-M data, suggesting a breakdown threshold dependence on
-1wavelength of IB ~ . This result contrasts sharply with short pulse

data,5'8 where the threshold for large particles has been found to scale

-2
as -2. Recently, a pulsed DF-laser threshold measurc~ent was reported for

clean helium;9 earlier, short-pulse HF and DF laser breakdown of air was

studied by two groups.lOa , 0b Aside from that work, we are aware of no

breakdown data that have been published at the laser wavelengths employed in I
the present study.

The results of a brief (three-week) experimental study of long-pulse

breakdown induced by maritimc and solid-particle aerosols at pulsed-DF chain-

laser wavelengths (3.58 to 4.78 um) are reported here. Threshold measurements

in maritime aerosols have been performed using both collimated and focused

beams, bracketing the intensity range of breakdown-free propagation over long

transmission paths. Radial and axial growth rates of the aerosol initiated

L7
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plasmas have also been measured. An approximate theoretical model of the

aerosol breakdown process that considers aerosol vaporization and subsequent

cascade ionization by the laser beam is shown to be in reasonable agreement

with the experimental data and, in principle, permits scaling of the labora-

tory breakdown data te long propagation paths.

&"show@



j II. EXPERIMENTAL TECHNIQUE

A magnetically confined electron beam was used to initiate the pulsed

chain-reaction DF laser.I I  Mixtures containing 20ZF 2-8ZD 2 by volume were

irradiated for periods of approximately 0.5 psec at current densities of 20

A/cm 2 to accomplish laser initiation. Nominal laser energies of 30 J in 0.8-

usec (FWHI) pulses were delivered at cavity pressures of 800 Torr. Laser

energy and pulse duration variations were accomplished through adjustment of

the laser cavity pressure. Energy was extracted from the gain medium by means

of a transmission-coupled half-symmetric unstable resonator and then colli-

mated using a CaF2 lens of 8-in focal length. Burn patterns on calibrated

witness film indicated a highly uniform intensity profile in the near-field

output beam. The beam was propagated a distance of about 100 meters through

an insulated duct to the vicinity of the aerosol generator.

The experimental configuration in the area of the aerosol chamber is

shown in Fig. 1. Two CaF2 wedges were used to sample the incident and trans-

mitted laser energy and irradiance time history on each breakdown experi-

ment. Laser pulse energies were measured using ballistic thermopiles, and

emission time profiles of the laser pulse were monitored with Au:Ge detec-

tors. Both collimated and focused beams were directed into the aerosol

chamber. A 3:1 reducing telescope consisting of a 3-in-radius concave mirror

and a 1-m-radius convex mirror was used to generate a collimated beam. Sub-

stitution of a flat mirror for the convex-mirror element in the telescope per-

mitted the laser beam to be brought to a focus within the aerosol generator.

Three techniques were employed in the observation of aerosol breakdowns.

An open-shutter camera was used to provide unequivocal photographic evidence

of breakdown in the aerosol chamber. The onset of ultraviolet emission from

breakdown plasmas was monitored using a IP28 photomultiplier tube. Rapid

cutoff of the transmitted DF beam was observed to follow closely the onset of

ultraviolet plasma emission. This sequence of events is illustrated in the

oscillograms of Fig. 2. For the case shown, full beam blockage is observed to

occur in the transmitted irradiance record approximately 100 nsec after the

ultraviolet emission record shows the first evidence of plasma formation.

9
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Aerosol plasma growth rates were obtained using image converter camera data.

Framing rates of 106 or 2 x 107 sec - 1 were employed; the exposure time at a

20-MHz framing speed is 10-8 sec. A discussion of the data obtained with the

image converter camera is presented later.

The spatial distribution of radiation in the breakdown region was deter-

mined using burns on exposed, developed photographic film. For the focused

beam case, a Gaussian irradiance distribution, I(r,z,t) - Io(t) exp[(r/w)2]

was assumed, and from the burns we determined w. The centerline

fluence Ec was calculated from the measured pulse energy Ep and w according

to the relationship

lim E

c M(r - 0, z) - rm 0 * I(r,z,t)dt P (1)cr 0 2

The centerline irradiance at breakdown was determined from the expressions

I - I(r 0 0, z, tB) = kv(tB) (2)
BBB

k -c (3)
1 v(t)dt

where k (W/cm2-V) is the proportionality factor relating the incident irradi-

ance and the detector output voltage, and tB is the time to breakdown as de-

termined from the photomultiplier measurement of plasma emission onset. The

accumulated centerline fluence at breakdown was obtained from the equation

CB = E(r - 0, z, t) tB 1 0 (t)dt (4)
0

The irradiance waveforms were digitized to perform numerical evaluation of the

integrals in Eqs. (3) and (4). For the collimated-beam (near-field) case, the

transmission-coupled unstable resonator produced a nearly uniform spatial flu-

ence and irradiance distribution such that cc Z - Ep/Aburn and 10 Z =

kv(t). A film burn that illustrates the uniformity of the resonator near-

field fluence distribution is shown in Fig. 3.

12
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An aerosol generator was used to simulate representative maritime and

fog-bank conditions on the open ocean.12 A 3.6 by 2.3 by 2.1 a metal

enclosure was internally fitted with four nozzle heads and three spinning disk

humidifiers for dispensing salt- or fresh-water aerosols. After a transient

period of about 30 min, it was found that a temporally stable distribution

could be achieved. Relatively uniform spatial aerosol distributions within

the enclosure were obtained by use of a circulation fan. The enclosure was

fitted with ports on three of its sides that were opened several seconds

before an experiment to permit laser-beam and camera access to the particle-

laden air. Three particle spectrometers were installed within the chamber to

sample aerosol size distributions between 0.1 and 200 ur. Data from the

sensors were recorded on magnetic tape at 1-sec intervals and fed to a PDP-

11/34 data acquisition system for real-time processing. Output from the

computer included aerosol size distributions, from the probe data, and the

calculation of particle number density. An actual probe measurement and

calculation using the above system is illustrated in Fig. 4a for the case of a

fog-bank simulation by the aerosol generator. The plot presents dN/dR(cm 3

1Jm 1), where N is particle concentration and R is particle radius, versus R

using logarithmic coordinates. The "squares" in Fig. 4a indicate the range of

the active scattering probe, and the "triangles" and "crosses" indicate the

ranges of the two high-volume scattering probes. Also included in Fig. 4a is

a calculation of N(>R o) - r dR x dN/dR, the number density of particles with
0radii that exceed Ro . Figure 4b illustrates the results of probe measurements

of an aerosol distribution that closely simulates a maritime condition of the

type reported in Ref. 12. In general, breakdown measurements were carried out

in the fog bank aerosol distributions illustrated in Fig. 4a.

For solid-particle aerosol breakdown experiments, a nitrogen gas-driven

fluidized-bed injector was constructed to produce a uniform A1203 aerosol

suspension. Alumina particles of 20 um diameter were selected for use with

the nitrogen-driven aerosol generator. Aerosol density in the breakdown

region was sufficiently large to provide numerous A1203 particles in the focal

volume, but small enough that diffractive fill-in was insured.

14
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III. RESULTS AND DISCUSSION

The breakdown measurements carried out during the present study are

summarized in Table 1. The values of breakdown threshold IB correspond to

those values of centerline irradiance at the focal plane, which produce a high

(-90%) probability of breakdown. The accumulated fluence at the time of

breakdown is also shown for cases where an unequivocal determination of break-

down time could be made. The estimated uncertainty in the reported thresholds

is *30%. The error is dominated by the uncertainty in the spatial beam

profile at the breakdown location.

For the collimated beam case shown in Table 1, we were unable to achieve

breakdown at peak centerline irradiances of 59 4W/cm 2 in a fog-like aerosol

distribution. From the measured aerosol distribution function, the largest

particle diameter in the irradiated volume was calculated to be 100 um.

During this experiment, the laser irradiance exceeded 50 MW/cm2 for a 500-nsec

portion of the pulse. Assuming the threshold scales as T- 0 .5 , we infer a

safe irradiance for a t-(Usec) duration pulse propagating through aerosols of

100 Um diameter or smaller to be 35[t(isec)- 0 5 MW/cm 2.

Breakdown experiments were performed using 20-on-diameter A1203 particles

suspended in the focal region of the DF beam in order to gain confidence in

the present experimental technique. A 4.5-psec (FWHM) laser pulse was em-

* ployed for these breakdown tests. The measured threshold of 32 MW/cm2 shown

in Table 1 is plotted in Fig. 5 along with the recent long-pulse (3.5 psec)

data of Lencioni et al. at HF and CO2 wavelengths.
4 ,7 Assuming that X-1 scal-

* ing is valid in the present regime, the present threshold measurement is in

excellent agreement with the experimental results of Lencioni et al.

Two kinds of breakdown experiments are summarized in Table 1 for fog-like

distributions and focused beams. In the first class of experiments (Runs 727

and 742), the laser cavity pressure and, consequently, the pulse energy were

reduced in small increments, using temporally flat-topped laser irradiance

profiles, until breakdown was observed to cease. This approach yielded the

smallest measured values of breakdown threshold. Note that in Table 1 the

17
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threshold for salt-water aerosols is somewhat higher than that for fresh-water

aerosols, even though larger particle sizes were sampled in the salt-water

aerosol case. In the second class of experiments (Runs 778 through 780), the

laser was operated at 800-Torr cavity pressure, yielding peak irradiances that

were at least five times higher than the previously measured breakdown thresh-

olds. In this class of experiments, breakdowns were observed at times for

which the incident irradiance was still increasing rapidly with time. The

irradiances at which breakdowns were observed in these experiments were ap-

proximately two and one-half to three times greater than the values measured

by the prior method. That significant differences were observed in measured

breakdown thresholds for the two classes of pulses was not unexpected. If the

time to attain breakdown for the fast-rising pulse is TB and if TB is the

time at which the fast-rising pulse crosses the flat-topped threshold irra-

diance, then the threshold IB for the fast-rising pulse can be related to the

flat-topped threshold IB by the expression

I dIR+
IB B + (T - TB)

Inserting typical values for dI/dt (5 MW/cm2 -nsec), B (1.6 GW/cm 2 ) and I B

(0.6 GW/cm 2), one finds that TI - TB- 200 nsec. The latter time is the

effective aerosol breakdown time for the fast-rising pulse. It is far shorter

th:an the breakdown time for the flat-topped pulse because of the higher effec-

tive irradiance acting during the vaporization and avalanche phases of the

fast-rising pulse. These data highlight the important role that the laser

pulse shape plays in the determination of a threshold value of the breakdown

irradiance.

The breakdown irradiance data of Table I are plotted in Fig. 6 as a func-

tion of aerosol particle diameter. Included in Fig. 6 are the recent long-

pulse HF data of Lencioni et al. 7 and an unpublished theoretical breakdown

calculation 13 that extends the treatment of Smith1 4 to include electron

attachment to water vapor and molecular oxygen. Briefly, the vapor density

leaving the aerosol surface as a result of laser irradiation of the particle

is determined in the model, and the irradiance required to cascade Ionize the

20
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vapor to complete ionization is calculated. Qualitatively speaking, smaller

particles are more difficult to ionize because of their low absorption effi-

ciency and high rate of electron loss by free and ambipolar diffusion. For

aerosol particles larger than 7 4m, elastic heating and attachment losses

dominate over diffusion losses under present conditions. The predicted DF

threshold for nominal 1-usec-duration pulses is plotted in Fig. 6 as the solid

curve, while the dotted curve is the predicted HF threshold for nominal 4-

usec-long pulses. The agreement between theory and experiment is considered

satisfactory considering the simplified nature of the model and the experi-

mental error in the determination of particle size and breakdown threshold.

The data presented Fig. 6 have been used to construct the crude map shown

in Fig. 7 of the DF breakdown threshold as a function of particle size and

time to breakdown. Implicit in the construction of Fig. 7 is the assumption

that the DF thresholds are relatively insensitive to particle material as has

been found to be the case at HF and CO2 wavelengths. Included in the figure

are the DF clern-air breakdown data of Deka et al. 10a and the results of our

wavelength scaling of the data of Lencioni et al. 5 '7 Considerable liberty has

been taken in estimating the position of the curves according to particle

size. It should be emphasized that much additional data must be generated

before the empirical correlation of Fig. 7 has a firm experimental basis for

DF wavelengths.

A typical series of image converter frames that depict the breakdown

spatial growth rate at irradiances above the breakdown threshold is shown in

Fig. 8. The dashed lines in the frames mark the e - diameter of the laser

beam, which we estimate to be 1.6 mm. The laser pulse is incident from the

bottom of Fig. 8. Two breakdowns can be observed in the first two frames.

The lower breakdown starts near the center of the beam and grows radially to

completely fill the beam after about three frames. The inferred radial expan-

sion velocity is consistent with the observed delay time between cutoff of the

transmitted laser pulse and the initial observation of plasma ignition. As

time progresses, the upper breakdown plasma is shielded by the lower break-

down; it is completely extinguished by the third frame. The lower breakdown

plasma is observed to form an inverted-pyramid shape as it selectively absorbs

22
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radiation at its front surface and propagates back toward the laser source.

This behavior is characteristic of a laser-supported detonation (LSD) wave.
1 5

Radial and axial velocities of the expanding breakdown plasmas have been

calculated from the experimental data of Fig. 8. These results are presented

in Fig. 9 along with data obtained at CO2 wavelengths.
16 Included in Fig. 9

are the theoretical predictions of Raizer for the radial and axial plasma

growth rates. Although the data lie somewhat above the predicted velocities,

agreement between theory and experiment is considered reasonable. At 1 GW/cm 2

irradiance, we estimate the plasma specific energy to be15

y(T 0 / 0)2/ 3  1

M Y2 O) 2/3 ~ 1) =2.9 x 1012 erg/g(- 2 1) 1/3 (

and the plasma temperature to be
17

T - 0.86 ( 0.08 (eV/molecules) 2/3 4.2
P0  8.3

The extension of the present laboratory-scale results to long-path trans-

mission in the atmosphere has been numerically studied following standard

formulations. An example serves to illustrate the parameter regime where

blockage by aerosol-induced plasmas becomes important. Consider a uniform 55-

Kw/cm 2, 2 Usec (square) pulse propagating through a typical maritime aerosol

distribution for which
1 2

-5 -5 -3

N(>10 to) f r dr - 2.5 x10 cm
10 tim

and assume a I-km transmission path of unit area (1 cm2). In this volume

there will be two to three particles with radii of 10 on or larger. A 55-

MW/cm2 beam will produce two to three breakdowns in the subject volume accord-

25
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ing to the present breakdown theory (Fig. 6). At this irradiance, the radial

expansion velocity is estimated from LSD theory
1 5 t, be

2 1 0 1/3
v f 0.5[(y - 1) - 0.5 cm/Psec (6)

r 0

The time for breakdowns to begin ip estimated from Fig. 7 to be 0.2 usec.

Since the breakdowns are assumed to originate near the centerline of the

spatially uniform beam, the beam becomes fully blocked about I usec after the

onset of plasma formation. The fractional energy transmission through the

breakdown region can be written as

TI

fB I dt +Ifc 2[1 - (v 0t2 /r2]dt
Et 0 B0

f V 10dt

0

T v 2
TB + [(T - T r 3 _ T3(7)

T V T c 3r 02(c B

where TB is the onset time for breakdown formation, Tc ts the beam cutoff

time, T V is the laser pulse duration, and r0 is the beam radius. Equation (7)

predicts a fractional energy transmission of 31% for the present example. The

generalization to nonuniform spatial and temporal beas profiles is easily

accommodated. The above calculation relies on a theoretical breakdown

threshold estimate for 20-im-diameter water aerosols. Since the present

theory may underestimate breakdown thresholds for water aerosols of large

diameter (0 20 usm), the fractional energy transmission may exceed the value

calculated in the present example. Threshold measurements for intermediate-

and large-diameter water aerosols are needed to facilitate reliable

predictions of long-path transmission in maritime environments.
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IV. CONCLUDING REMARKS

Pulsed DF chain-laser breakdown thresholds have been investigated in

water-particle-laden air. Thresholds for fresh- and salt-water aerosols of

small (I to 4 to) diameter were measured to lie in the range 0.6 to 1.8

GW/cm2 . The apparent large spread in the measured small-particle thresholds

was explained on the basis of major differences in laser pulse shapes for two

different classes of experiments that were performed. Steeply rising pulses

yielded thresholds that were two and one-half to three times greater than the

breakdown values observed for flat-topped pulses. Collimated DF beams that

encountered large-diameter water particles were incapable of producing break-

downs at irradiance levels of 50 to 59 MW/cm2 and pulse lengths of 0.5 usec.

Based on threshold scaling as -I/2, we postulate a safe irradiance for a

t(usec)-duration pulse propagating through 100-gm-diameter water particles to

be 35[t(usec)]- 0 .5 MW/cm 2 .

Confidence in the present experimental technique was increased by con-

ducting threshold measurements using 20-lim-diametez alumina particles; the

wavelength-scaled HF- and C02-laser data of Lencioni et al. have been shown to

be in excellent agreement with our alumina threshold measurements. A first

attempt was made to construct an empirical correlation of DF breakdown thres-

hold as a function of particle size and time to breakdown. In this correla-

tion, the present data appear to be compatible with our wavelength scaling of

the short- and long-pulse data of Lencioni et al. and with clean-air breakdown

data of Deka et al.

Plasma growth rate measurements for DF irradiated aerosols have been

shown to agree with the theoretical predictions of Razier and are found to be

consistent with extrapolations to higher fluences of earlier measurements at

CO2 wavelengths. A plasma temperature of 4.2 eV was inferred from measure-

ments of the axial LSD wave speed at incident irradiances in the neighborhood

of I GW/cm2 . An approximate theoretical model of the aerosol breakdown pro-

cess was described that was shown to be in reasonable agreement with the

experimental DF data. This model allows scaling of the present laboratory-
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* scale results to long transmission paths in maritime environments. TO

establish greater confidence in this scaling, we propose that additional

measurements, using a larger energy DF laser, are needed to obtain breakdown

thresholds for intermediate size (10 to 40 Uam diameter) water particles.

30



REFERENCES

1. D.C. Smith, Appi. Phys. Lett. 19, 405 (1972).

2. G.H. Canavan, W.A. Proctor, P.E. Nielsen, and S.D. Rockwood, IEEE J.
Quant. Electron 8, 564 (1972).

3. G.H. Canavan and P.E. Nielsen, Appi. Phys. Lett.. 22, 406 (1973).

4. D.E. Lencioni, Appi. Phys. Lett. 23, 12 (1973).

5. D.E. Lencioni, Appi. Phys. Lett. 25, 15 (1974).

6. D.C. Smith and R.T. Brown, J. Appl. Phys. 46, 1146 (1975).

7. D.E. Lencioni, L.C. Pettingill, and D.P. DeGloria, Report No. LTP-35,
MIT Lincoln Lab, Oct. 1976.

8. F.V. Bunkin and V.V. Savranskii, Soy. Phys. 3!ETP 38, 1091 (1974).

9. D.B. Nichols and R.B. Hall, J. Appl. Phys. 52, 3851 (1981).

10a. B.K. Deka, P.E. Dyer, D.J. James, and S.A. Ramsden, Opt. Comfun. 19, 292

(1975).

10b. M.J. Soileau, Appl. Phys. Lett. 35, 309 (1979).

11. S.T. Amimoto, J.S. Whittier, M.L. Lundquist, F.G. Ronkovski, P.J.
Ortwerth, and R. Hof land, "Pulsed Chemical Laser with Variable Pulse-
Length E-Beam Initiation and Magnetic Confinement", Appl. Phys. Lett.
40, 20 (1982).

12. G.L. Trusty and T.H. Cosden, "Optical Extinction Predictions from
Measurements in the Open Sea," Report No. 8260, NRL, Jan. 1979.

13. R. Hof land, "Pulsed Laser Propagation Through Aerosol Breakdowns:
Simple Model," private communication.

14. D. Smith, J. Appl. Phys. 48, 2217 (1977).

15. Y.P. Raizer, Soy. Phys. JETP 21, 1009 (1965).

16. J. Reilly, AIMA Paper 77-697, presented at AIMA 10th Fluid and Plasma-
dynamics Conf., Albuquerque, N.Mex., 27-29 June 1977.

17. A.I. Larkin, Soy. Phys. JETP 11, 1363 (1960).

31 *U.S. Oosnwmm Pwrnn omas s-t- *l2oi



A77-

.7,

gleid esaes t les aagto ulswaom Isk dosm Vminvati p w

IU*Md1ty bass We doweloped In. 0 NO deapse vs V 2116 su ISIONOY PO4 #
doolha wsh she star roblmw amna~ *ls umssatm0TO ipdo waswl

spn spen. amvlluo As abs lawst osaile Is woalpstas 43 wsal to *0
.sospusm al us". voesld to shave PWAMl3.S l abooeses *ain ew

svtbmo. S.ma mea agmmus a"

or a" flowd isomtsS, ItWastel smbeall. fld&m
*"oo MOersavo lbaeedwt on WesS.O sa t*iesj easas

is faruemlael mn~t" ad afteuams"ar "A pulsd dwift hows
aisoltpes awedas saast bamuts.. eswaseesw. eliums a

le phaag ea"ael immix',m slm!d= t m snc~

=Ias trme~n O . SO~ &WIN e Obla-w
saw "t"pw 43- -a 270S Opessqhd twa.ss~ep ast - .

a"sae seems IVmame ouuitsaw ain b"nwsssstsl ma"a

gemMN1112 ftma."" 40 ow voso "04..mesmu. '

semleetl m~esesAdiud Allses, 4.asu 0peas0aiddm4
psw, sadeaNIN *WgAWA* elItsuwu m as

Swis amatess soaew.U

rnrme "wew ksm*a -"
ze4aU00 0ai.mm. 5 *a0 0P44

mm. ~inmiS m-Sob 43 si4e




